Abstract-In this contribution, impact of extreme environmental conditions in terms of energy-level radiation of protons on SiGe integrated circuits is experimentally studied. Canonical representative structures including linear (passive interconnects/antennas) and non-linear (Low Noise Amplifiers) are used as carriers for assessing impact of aggressive stress conditions on their performances. Perspectives for holistic Modeling and Characterization approaches accounting for various interaction mechanisms (substrate resistivity variations, couplings/interferences, drift in DC and RF characteristics, for actives are down to allow for optimal solutions in pushing SiGe technologies toward applications with harsh and radiationintense environments (e.g., Space, Nuclear, Military). Specific design prototypes are built for assessing mission-critical profiles for emerging RF and mm-Wave applications.
INTRODUCTION
In recent years, Silicon-Germanium (SiGe) technology proved high performances for components with high monolithic integration [1] [2] , increased speed with low power consumption. Continuous progress in this technology renders possible large spectrum of applications from RF, microwave to THz [3] which used to be implemented using III-V compound semiconductors (e.g., GaAs-based technologies). Although SiGe based process is built on a more conductive substrate compared to GaAs technology solutions, it offers very attractive features in terms of cost-effectiveness and reconfigurability including benefits of light digital functionality for Built-In-Self-Test (BIST) functionality [4] to deal with emerging 5G MIMO and Phased-Array applications. Use of UAV systems [5] combined with Low-Earth-Orbit (LEO) communication possibilities in the perspectives of Internet Everywhere (Fig.1 ) will create new requirements in terms of components and systems reliability tests. In addition, the bandgap engineering of SiGe technologies together with the possibilities of design optimization attainable through their integration platform (doping profiles, process variations, Power-Voltage-Temperature: PVT control) motivate new perspectives for applications in extreme environmental conditions. Qualification of SiGe technologies for extreme conditions represents a very challenging reliability problem with strong constraints distributed over multidisciplinary fields including electrical, thermal, mechanical and particle physics engineering. All aforementioned benefits represent important assets which identify SiGe technology as a potential low-cost solution for future space applications. From state of the art published research work [6] [7] important efforts have been directed toward investigating capabilities of SiGe technologies to deal with space and defense applications [8] . In Space and Defense applications, in addition to standard tradeoffs between application driving parameters such as noise, power, linearity, thermal dissipation, environment conditions (e.g., irradiation, harsh thermal variations) put strong constraints on system-level performances in terms of robustness and variability. Thus, analysis, characterization and predictive [9] modelling of environmental effects on constitutive system-level components/function blocks is of paramount importance. In the prior art, investigated typical devices encompass both active (MOS and Heterojunction Bipolar Transistors, diodes) and passives (transmission lines, interconnects) [8] , [10] . When charged particles such as protons traverse a structure with medium energy (from 20 MeV to several hundreds of MeV), particles induce both ionization and atomic displacement (non-ionizing) effects [11] . Then along the path of the incident proton in the material, both ionizing and non-ionizing energy loss modify the oxide/silicon interface (Total Ionizing Dose: TID), the junctions and the silicon bulk properties as Displacement Damage Dose (DDD). Experimental results and simulations reported in the literature have demonstrated that SiGe devices are tolerant to permanent degradation induced by radiation for both TID for several MRad and DDD effects [4] [5] [6] [7] . Nevertheless, most of previously published research studies focused on specific deviceoriented modeling, and characterization where interactions and couplings between neighboring elements (components, function blocks, subsystems) are generally not addressed. Furthermore, very limited attention is devoted to effects of extreme environmental conditions on Electromagnetically-radiating structures such as antennas which will enable important functionalities such as MIMO, Beamforming and Beamsteering [4] . In this contribution, based on representative structures for linear (passive interconnects), nonlinear (LowNoise-Amplifier) and electromagnetically-radiating elements (antennas), experimental analysis assessing impact of extreme environmental conditions on performances of SiGe:C integrated circuits and systems is proposed in the perspectives of Space-Defense and emerging 5G mission-critical applications. The contribution is built around two main sections. Section II describes experiments on passive and active samples in aggressive proton-radiation environments.
The third section reports reliability modeling analysis of nonlinear components (Low-Noise-Amplifiers). Predictive modelling of degradation effects using in-House tooling solution is compared to experiments demonstrating satisfactory agreement.
II. EXPERIMENTS IN AGGRESSIVE PROTON-RADIATION ENVIRONMENTAL CONDITIONS
Designed SiGe BiCMOS passive and active samples were irradiated with mono-energetic (80 MeV) protons facilities at Kernfysisch Versneller Instituut (KVI). A master sample is used as reference. Fluences ranges from 5x10 11 p/cm² to 10 12 p/cm² with a proton flux of 3x10 8 p/cm².s. Dosimetry of irradiations indicated an accuracy of ±10 % for the fluence and ±5 % for the proton energy. Fig.2 gives the equivalent fluences of 80 MeV protons versus aluminum shield thickness. These curves are calculated for 8 typical space missions ranging from low earth orbits to the GEO orbit. The effect of the galactic cosmic rays is neglected because their flux is too weak to induce a significant effect compared to the protons contribution. For the radiation belts models, we use the NASAAerospace AE8 and AP8 models in worst case conditions (i.e the AE8Max and AP8Min ones). For the mean solar protons model, we use the NASA ESP model with the confidence level set to 85% and we consider that all the missions are done in active period. The mission duration is one year for all curves. Fig.4 shows the loss factor of two mm-Wave transmission lines (150 μm and 500 μm long respectively) and return loss bowtie of coupled antennas (Fig.3 ) that were irradiated with protons. The loss factor illustrates the various loss sources (conductive, dielectric and electromagnetic radiative losses) without respect to impedance mismatch (since measured CPS lines characteristic impedance is not 50Ω) and is expressed as: As depicted in Fig. 4 , for a 10 12 p/cm² irradiation, a 0.2 dB drop in the loss factor of the 500 μm long line is observed below the Ku frequency band. Such decrease is significantly higher than the measurement accuracy limit due to the variability in the RF probe contact resistance. It is observed that backend metal resistivity is slightly impacted by proton radiation, this variation may suggest a radiation-dependent decrease in silicon substrate resistivity. 
III. MODELING AND EXPERIMENTAL ANALYSIS OF ACTIVE SIGE BICMOS LNA UNDER ELECTRICAL RF STRESS
For this discussion, we use an in-House reliability simulation tool that contains modules of all known degradation mechanism models in bipolar and MOS devices. Supported degradation models, based on DC accelerated stress conditions are applied to the compact model of transistors introducing parameters shift over time. The physical degradation phenomena in bipolar devices have been divided into two mechanisms:
-Mixed Mode (MM) : occurs when the device is simultaneously polarized at very high current and high basecollector bias in order to achieve speed performance [12] . The MM mechanism results in an increase in the base current I b due to an increase in the interface traps in the Emitter-Base (EB) spacer and the Shallow-Trench Isolation (STI) region. The I b MM degradation model, as function of stress conditions, is given by (2): 
where: t: ageing time; A e , P e : effective area and perimeter; n, b and E a : constants depend on the technology.
-Reverse Base Emitter bias (RVBE) : occurs when the Emitter-Base junction is reverse-biased to near breakdown voltages [13] . As well, the RVBE degradation results in an increase in the base current I b due to interface traps generation at the EB-junction perimeter. Equation (3) 
Where: t: ageing time; P e : effective perimeter; V g : band gap voltage; n, α, and E a : constants depend on the technology. In reliability simulations, the device or the circuit is simulated in transient mode, and the ageing of the modelled parameter, in this case ∆I b , is integrated over time. Subsequently, this ageing is extrapolated to the stress time of interest. Therefore, the circuit could be simulated with the updated parameters. Same degradation models are considered when the device-under-test (DUT) is stressed under RF stimuli. The simulator calculates the dynamic (RF) stress damage by summing up the instantaneous damage of the transistor over a short incremental time of a quasi-static stress voltages [14] . A specific attention is directed toward verifying the applicability of quasi-static based approximations in using DC stressing data for RF stressing lifetime prediction. In the following, DC and RF stress are applied to low noise amplifiers designed for WLAN applications in order to assess impact of aging on their RF performances.
A. LNA Mission Profile
The mission profile awareness aids to accurately investigate and validate the design robustness with respect to given requirements. The considered circuit under test operates from 5.15 to 5.85 GHz at supply voltage V cc of 3.6 V. The maximum operating temperature is assumed variable in the range 85 to 100 °C, and the maximum input power RF in = 7dBm. It is designed for a term of 5 years of operation. Estimated time to failure is defined as the time to reach more than 3 dB gain loss (∆S 21 /S 21 > 25%). The NF increase is also considered as a failure criterion if it is higher than 3 dB (∆NF/NF> 30%). Therefore, reliability simulations are carried out after 5 years of RF stress. Simulation results are compared to measurements carried out based on accelerated ageing test.
B. RF Accelerated Ageing Test
In order to accelerate the degradation of the LNA at 5.6GHz (V cc =3.6V), we increase the temperature to 100°C with an input power of 20 dBm. Although at such power level the amplifier compresses, the stress power is still under the power handling capability of the used cascode topology. When the RF stress signal is applied on the circuit, the DC drain current increases from around 9.16 mA to 31 mA as a consequence of the self-biasing of the LNA circuit. The evolution of the DC biasing during RF stress is presented in Tab. I. The RF signals used in the stress are presented in Fig.7 with a V cb stress voltage peak around 2.5 V and a V be stress voltage peak at -3.8 V. These picks exceed the voltage limits of the used technology leading to accelerated degradation under the aforementioned MM and RVBE mechanisms. 
C. Experimental Test-Bench Description
In order to assess the accuracy of the predictive simulation results, experimental accelerated ageing tests are applied on the LNA circuit reported on application board. For fair comparison between simulations and measurements deembedding procedures are applied for properly taking into account both losses in RF transmission cables and the IC package and board parasitics. All along the stress, the evolution of the RF performances of the LNA are measured in small signal. The noise figure NF and the correlation parameters are measured using a PNA-X instrument in broad frequency range from 1 GHz to 8 GHz before and after 336 hours of stress. The analysis of the reliability results is based on the comparisons between RF performances before and after applying the stress stimuli. Fig.8 shows the relative variation of simulated and measured S-parameters as function of ageing time. Despite the observed degradation, the circuit did not reach the criterion of failure (in term of S 21 limits). As depicted in Fig.9 , the simulated NF increases by 13.5 % at 5.6 GHz after stress. Simulated results are compared to measurements showing reasonable agreement. 
IV. CONCLUSION
In this paper, impact of extreme environmental conditions on SiGe:C BiCMOS integrated circuits is experimentally studied in the perspectives of qualifying Silicon-based technology for space applications. Canonical representative structures including linear (passive interconnects/antennas) and nonlinear (Low-Noise-Amplifiers) are used as carriers for assessing impact of aggressive stress conditions on their RF performances. Predictive modeling of degradation effects using in-House tooling solution is compared to experiments demonstrating good agreement. Ongoing work concerns analysis of interaction mechanisms (substrate resistivity variations, couplings/interferences, drift in DC and RF characteristics) as function of temperature and stress power levels for assessing mission-critical profiles for emerging RF and mm-Wave applications.
